TFIID plays a key role in transcription initiation of RNA polymerase II preinitiation complex assembly. TFIID is comprised of the TATA box binding protein (TBP) and 14 TBP-associated factors (TAFs). A second set of transcriptional regulatory multiprotein complexes containing TAFs has been described (called SAGA, TFTC, STAGA, and PCAF/GCN5). Using matrix-assisted laser desorption ionization mass spectrometry, we identified a novel TFTC subunit, human TAF9Like, encoded by a TAF9 paralogue gene. We show that TAF9Like is a subunit of TFIID, and thus, it will be called TAF9b. TFIID and TFTC complexes in which both TAF9 and TAF9b are present exist. In vitro and in vivo experiments indicate that the interactions between TAF9b and TAF6 or TAF9 and TAF6 histone fold pairs are similar. We observed a differential induction of TAF9 and TAF9b during apoptosis that, together with their different ability to stabilize p53, points to distinct requirements for the two proteins in gene regulation. Small interfering RNA (siRNA) knockdown of TAF9 and TAF9b revealed that both genes are essential for cell viability. Gene expression analysis of cells treated with either TAF9 or TAF9b siRNAs indicates that the two proteins regulate different sets of genes with only a small overlap. Taken together, these data demonstrate that TAF9 and TAF9b share some of their functions, but more importantly, they have distinct roles in the transcriptional regulatory process.
Transcription initiation of protein-encoding genes by RNA polymerase II (Pol II) requires the transcription factor TFIID that is comprised of the TATA binding protein (TBP) and series of TBP-associated factors (TAFs) (1, 6, 57) . In human HeLa cells, we showed that different human TFIID complexes containing or lacking TAF10 which exhibit functionally distinct properties exist (6, 7, 25) . Cell type-specific TFIID complexes have been found to be composed of core TAFs and cell typespecific TAFs. TAF4b was found to be enriched in differentiated human B lymphocytes, and a unique TAF4b-containing TFIID was isolated from these cells (13) . Moreover, during spermatogenesis, TAF7L-containing TFIID complexes have been found (48) . Another set of human transcriptional regulatory multiprotein complexes containing TAFs are called TFTC, STAGA, or PCAF/GCN5 (6a, 36, 63) . These complexes are functional homologues of the Saccharomyces cerevisiae SAGA complex, and all contain human homologues of the yeast histone acetyltransferase Gcn5 as well as a subset of SPT and ADA proteins, the 400-kDa TRRAP protein, and a number of TAFs (shared TAFs) also found in TFIID (36) .
TAF9 was first identified as a TFIID subunit from multiple organisms: human (formerly called hTAF II 31 or hTAF II 32 [29, 35] ), Drosophila melanogaster (formerly dTAF II 40 [55] ), and yeast (formerly yTaf17p [42] ). Later, TAF9 was also identified as a component of different TBP-free TAF complexes containing the GCN5-type histone acetyltransferase, such as the yeast SAGA complex (19) , the Drosophila TFTC complex (44) , and human TFTC-type complexes (10, 36, 67) . Drosophila TAF9 has also been described in the Polycomb group complex and the e(y)2 protein-containing complex (17, 50) .
TAF9 was shown to interact directly with the tumor suppressor protein p53, the herpes simplex virus activator VP16, and the basal transcription factor TFIIB, and these interactions were suggested to be important for mediating transcriptional activation (29, 35, 55) . TAF9 was shown to bind to the Nterminal region of p53, a region that is also required for interaction with the oncoprotein Mdm2. It has been shown that overexpression of TAF9 inhibits Mdm2-mediated ubiquitination of p53 and increases p53 levels and that TAF9-mediated p53 stabilization results in activation of p53-mediated transcriptional activity and leads to p53-dependent growth arrest in fibroblasts (9, 24) .
Crystal structures demonstrate that the amino-terminal portions of Drosophila TAF9 and TAF6 adopt a canonical histone fold (HF) configuration consisting of two short ␣-helices flanking a long central ␣-helix. In the crystal structure, the dTAF9/ TAF6 HF complex exists as a heterotetramer, resembling the (H3/H4) 2 heterotetrameric core of the histone octamer, suggesting that TFIID may contain a histone octamer-like substructure (65) . Furthermore, it was suggested that this histone octamer-like structure in TFIID may play a role in DNA wrapping and in the stable positioning of promoter DNA relative to TAFs (46) . Our experiments localizing most of the yeast TAFs and TBP in TFIID (33, 34) showed that the nine TAFs, which contain the HF structural motif (15) , are located in three distinct lobes of the TFIID structure. The distribution of these TAFs indicates that the previously reported pairwise interac-tions between HF-containing TAFs occur in the native TFIID complex. The TAF9-TAF6 pair was located in lobes A and B (34) . The fact that most of the HF-containing TAF pairs have been found in two distinct lobes suggested that the organization of TFIID is more complex than originally thought and that there may be several histone octamer-like structures present in TFIID (34) .
In the past decade, the role of different TAFs has been extensively investigated in a few model organisms. Several independent studies revealed that 3% to 60% of the yeast genes require individual TAFs for transcription depending on the TAF subunit, and in total, approximately 84% of yeast Pol II genes are TAF dependent (20, 53) . Studies in several metazoan organisms revealed a wide but rarely universal requirement for TAFs. In Caenorhabditis elegans, individual TAF (i.e., TAF4, TAF5, TAF9, and TAF10) knockdowns by RNA interference affect embryo development and gene expression to different degrees, with TAF4 being required for essentially all early embryonic mRNA transcription, while TAF5, TAF9, and TAF10 show a more restricted requirement for embryonic transcription (58, 59) . In Drosophila, TAF1 loss-of-function mutants affect several differentiation processes (62) , and dTAF4 and dTAF6 affect Dorsal-mediated transcription (68) , whereas dTAF6 seems to be broadly required for somatic and germ cell development (3) . Also, in vertebrates, Pol II transcription displays a broad but not complete TAF dependency. In mice, TAF10 is required for early embryo development but not for the survival of trophoblast cells or the retinoic acid-mediated differentiation of F9 cells (38, 40) . TAF4b knockout mice are characterized by female infertility (14) . Moreover, the different enzymatic activity-containing functional domains of TAF1 modulate expression of a distinct subset of mammalian genes, suggesting that they are important for regulating largely nonoverlapping sets of genes (45) .
Certain TAFs have paralogue genes, which often encode TAF-like (L) proteins with cell type-or tissue-specific expression patterns. The first TAF paralogue seems to have appeared in fission yeast where two genes encode TAF5 homologues, and both are present in the same TFIID complex (39) . In C. elegans, Drosophila, and the human genome, several TAF paralogue genes encoding TAF-like proteins have been described (4, 16, 22, 57) . Interestingly, the Drosophila homologues of TAF4 (Can), TAF5 (Nht), TAF6 (Mia), TAF8 (Sa), and TAF12 (Rye) are expressed exclusively in the testis and seem to regulate the testis-specific gene expression program in primary spermatocytes (21, 22) . Moreover, Drosophila TAF10 homologues (TAF10 and TAF10b) are also differentially expressed during Drosophila embryogenesis (16) . Also, a retrotranscribed and integrated copy of human TAF1 (TAF1L) and a homologue of TAF7 (TAF7L) are specifically expressed during male germ cell differentiation (48, 60) . A human TAF9 paralogue gene was also identified (termed TAF9L), and it was shown that TAF9L can fully restore the function of chicken TAF9 in DT40 TAF9
Ϫ/Ϫ cells, suggesting redundant function for these two proteins. Furthermore, human TAF9L was suggested to play a role in transcriptional repression and/or silencing (11) . However, the association of TAF9L with TBP was not demonstrated.
Genome-wide expression analysis in Saccharomyces cerevisiae indicated that depletion of TAF9 causes a decrease in transcription of about 60 to 65% of the genes (41, 53) . Thus, Saccharomyces cerevisiae TAF9 (scTAF9) seems to be broadly, but not universally, required for transcription in yeast. However, the fact that either targeted depletion of TAFs or different temperature-sensitive alleles of a single TAF can either result in broad effects on Pol II transcription (30, 49) or affect the transcription of only a subset of genes (20) has generated a yet-unresolved controversy concerning the true role of TAFs in regulation of transcription. Interestingly, depletion of chicken TAF9 DT40 cells resulted in no or only minor changes in total poly(A) ϩ mRNA transcription, suggesting that chicken TAF9 is not essential for general mRNA transcription in chicken DT40 cells (12) .
Our recent identification of an alternatively spliced TAF6 transcript, which is induced upon different apoptotic stimuli and encodes for TAF6␦ that is part of a TFIID-like complex lacking TAF9, showed that the TAF6␦ interplay is an important component of a novel signaling pathway that acts as an interface between apoptotic signals and the Pol II transcriptional machinery (5, 18) . The notion that TFIID function is important in the regulation of apoptosis was also supported by several previous reports which suggested that various TFIID subunits, including TAF9, may play a role in the regulation of apoptosis (2, 12, 38, 51, 61, 66) .
In this study, we have identified TAF9L/DN7 as a bona fide subunit of both TFIID and TFTC, hereafter called TAF9b, and investigated the structural and functional similarities between human TAF9 and TAF9b. We show that TAF9 and TAF9b have specific as well as redundant roles in the regulation of Pol II transcription.
MATERIALS AND METHODS
Plasmid constructions and cell transfections. The eukaryotic expression plasmids for TAF9, p53, and TAF6␦ have been previously described (5); TAF9b cDNA has been provided by the IMAGE Consortium (accession number BC009566) and PCR amplified between nucleotides 23 and 778 with oligonucleotides containing EcoRI at 5Ј and NotI at 3Ј restriction sites and then cloned into the pXJ41 vector for mammalian expression and pTRIEX (Novagen) for bacterial and insect cell expression. Yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP) TAF9b fusions were generated by subcloning TAF9b cDNA from pXJ41 using BamHI and EcoRI in BglII and EcoRI sites of pEYFP-C1 and pECFP-C1 (Clontech), respectively. Subcloning the NheI excised and blunted TAF6 and TAF9 cDNA fragments from pRSET vector (31) into the blunted BamHI in EcoRI sites of pEYFP-C1 and pECFP-C1 vectors, respectively, generated YFP-and CFP-TAF9 as well as YFP-and CFP-TAF6 fusions.
A total of 1.5 ϫ 10 5 HeLa cells were transfected by using JetPEI (PolyTransfection, France) in 35-mm plates and harvested at the indicated time points after transfection (see below).
Immunization and antibody production. To generate the anti-TAF9 and TAF9b monoclonal antibodies (MAbs), peptides corresponding to amino acids 132 to 146 of hTAF9 [LQKKASTSAGRITV(C)] and amino acids 132 to 144 of hTAF9b [LIKKGPNQGRLVP(C)] (Fig. 1B, boxed area) were synthesized, coupled to ovalbumin as a carrier, and used for immunization of mice. Immunization and monoclonal antibody production were done essentially as described previously (7) .
Immunoprecipitation and Western blot analysis. sis (PAGE), transferred onto nitrocellulose membrane, and probed with the indicated primary antibodies. Chemiluminescence detection was performed according to the manufacturer's instructions (Amersham). All the other antibodies used were previously described (5, 63) . Monoclonal anti-␤-actin antibody was purchased from Sigma (A5441). Apoptosis assays. Apoptosis induction was obtained and measured as described previously (5) or by measuring sub-G 1 DNA content with a Becton Dickinson FACScalibur.
Mass spectrometry. TFTC subunits were separated on a 10% SDS-PAGE gel. Protein bands were visualized by Coomassie G250 (Bio-Rad) staining, excised, and in-gel digested with trypsin (10) . Peptide extracts (0.5 l) were mixed with an equal volume of saturated ␣-cyano-4-hydroxycinnamic acid (LaserBio Labs) dissolved in 50% acetonitrile and applied to the target. Mass measurements were carried out on a Bruker Reflex IV matrix-assisted laser desorption-time of flight (MALDI-TOF) spectrometer in the positive-ion reflector mode. The acquisition mass range was 800 to 3,000 Da with the low-mass gate set at 700 Da. Internal calibration was performed using autolytic trypsin peptides (MH ϩ with m/z ϭ 842.51, 2211.11, and 2807.47). Monoisotopic peptide masses were assigned manually using the Bruker X-TOF software. Database searches were performed using the Profound program (http://prowl.rockefeller.edu/) with the following parameters: NCBI database, proteins of human origin, molecular mass between 20 and 100 kDa, trypsin digestion with one missed cleavage allowed, cysteines modified by carbamidomethylation, methionine oxidation, and mass tolerance of 75 ppm. FRET measurements. We used a Leica TCS SP2 (AOBS) confocal microscope operating with a 40-mW argon laser. The laser was tuned to lines of 458 nm and 514 nm. Cells were examined with a 63ϫ 1.40-numerical aperture oil immersion objective and a ϫ2.5 zoom. Fluorescence resonance energy transfer (FRET) was measured using the acceptor photobleaching method (26) . According to this procedure, if two proteins interact and FRET occurs, then photobleaching of the acceptor (YFP) should yield a significant increase in fluorescence of the donor (CFP). We bleached cells in the YFP channel by zooming in and scanning the cell of interest six times using the 514-nm argon laser line at 100% intensity. Before and after the bleaching, CFP and YFP images were collected to assess changes in donor fluorescence that corresponds specifically to the cell with the bleached acceptor. Images were collected at 16% of the 458-nm laser line intensity and 5% of the intensity of the 514-nm laser line. The gain of photon multipliers and the emission intervals were adjusted to eliminate cross talk between the CFP (470 to 500 nm) and YFP (530 to 600 nm) channels. First, we subtracted the background from both CFP and YFP signals measured. To calculate FRET efficiency, we used the E F ϭ (I post Ϫ I pre ) ϫ 100/I post , formula, where E F is the FRET efficiency and the I pre and I post are the mean intensities measured using the Leica software in the CFP channel before and after photobleaching, respectively. As a control, we always performed similar calculations for the nonbleached cells of the image.
Reverse transcriptase PCR (RT-PCR).
Total RNA was isolated with RNAsolv (Biofidal), precipitated, and quantified. One microgram was reverse transcribed with M-MLV reverse transcriptase (Sigma), and the TAF9-and TAF9b-specific PCRs were performed with the following oligonucleotides: at the 5Ј end, GCC ACC TGA TAG ATA CTG CTT AAC, common to TAF9 and TAF9b; at the 3Ј end for TAF9, GCT AGA TTA CAG ATT ATC ATA GTC; and at the 3Ј end for TAF9b, GAG ATC TAA CAG TTT TAA CTG ACG. Other oligonucleotide sequences used in Fig. 8 are available upon request.
RNA interference. Double-stranded siRNAs were produced with a Silencer siRNA kit (Ambion) according to the manufacturer's instructions. Target sequences were obtained with the Dharmacon siDesign engine using the lessstringent parameters. A total of 1.5 ϫ 10 5 HeLa cells were transfected by using Lipofectamine 2000 (Invitrogen) in 35-mm plates. Sequences of the specific siRNAs are available upon request.
Microarray analysis. A 25,000-gene human oligonucleotide microarray covering most of the known human transcripts has been used for transcriptome analysis. This oligonucleotide collection is a public resource (Réseau National des Génopoles, France, and MRC, United Kingdom). Information about these oligonucleotides is available at http://medcal.ipmc.cnrs.fr:8080/mediante. Oligonucleotides (synthesized by Proligo) were diluted to 50 M in 50% dimethyl sulfoxide and 100 mM phosphate buffer and spotted using a GridII arrayer (BioRobotics) onto amino silane-coated slides (UltraGAPS TM; Corning).
Total RNA from HeLa cells treated with siRNA targeting TAF9, TAF9b, or luciferase (Luc) was extracted (Trizol, Invitrogen). Total RNA (220 ng) was amplified by linear PCR, and the amplification products were labeled by Cy3 and Cy5 and purified using Nucleospin Extract II columns (Macherey Nagel). Labeled cDNAs were hybridized in a Discovery station using ChipHybe 80 hybridization buffer at 42°C for 8 h without any final stringency washes (Ventana Medical System hybridization automate, reagents, and microarray hybridization procedure). All the protocols used are available at http://www-microarrays.u -strasbg.fr/Chips/index.html. After slides scanning (ScanArray4000; PerkinElmer), the obtained TIF images were quantified using Imagene 5 (BioDiscovery), and the raw data were normalized using the Lowess method. For each different RNA sample, a flip-flop experiment was performed using the RNA obtained from luciferase RNA interference-treated HeLa cells as a reference. The normalized ratio of RNA sample to reference RNA (log 2 ) was calculated, and this ratio was directly used for the comparison of different samples. and TAF9b (formerly TAF9L). The amino acid one-letter code is used. Identical amino acids are shown by bars, and double points represent residues with the same physicochemical properties. The peptides used for generating TAF9-or TAF9b (formerly TAF9L)-specific antibodies are boxed. (C) Recombinant TAF9 (rTAF9) (lanes 2 and 4) and TAF9b (rTAF9b) (formerly TAF9L) (lanes 1 and 3) were overexpressed using the baculovirus system in Sf9 cells, cells were lysed, and proteins were separated by SDS-PAGE and tested by Western blot using the antibodies raised against either TAF9 (␣-TAF9) (lanes 1 and 2) or TAF9b (␣-TAF9b) (lanes 3 and 4), respectively. (D) HeLa cell NE was prepared in the presence of phosphatase inhibitors, and increasing amounts (15, 30 , and 60 g) were separated by SDS-PAGE and tested by Western blot using the antibodies raised against either TAF9 (lanes 1, 2, and 3) or TAF9b (lanes 4, 5, and 6), respectively. 
RESULTS
Identification of human TAF9b (formerly TAF9L) as a bona fide subunit of TFIID and TFTC. To further characterize TFTC subunits, the complex (63) was analyzed by MALDI mass spectrometry (10) . As expected, a ϳ35-kDa protein species was identified as TAF9 (previously called hTAF II 31 or hTAF II 32 [29, 35] ) with a 41% coverage. However, MALDI peptide mass fingerprinting analysis showed that out of 16 peptides, 4 were TAF9 specific (Fig. 1A ) and 9 were common with a human factor that has previously been named TAF9Like (TAF9L; GenBank accession number NP_057059) or neuronal cell death-related protein (DN7). TAF9 and TAF9L proteins are 82% identical (Fig. 1B) and encoded by two different human paralogue genes. Interestingly, accurate analysis of the TAF9 MALDI peptide mass fingerprinting also revealed the presence of three TAF9L-specific peptides (Fig. 1A) . These results indicated that TAF9L comigrates with TAF9 and that TAF9L is a component of TFTC.
To confirm the presence of TAF9L in TFTC, we raised anti-peptide mouse MAbs against TAF9L (see Materials and Methods and Fig. 1B ). In parallel, we also raised specific MAbs against hTAF9. When these antibodies were tested on recombinant TAF9 and TAF9L proteins, they showed high specificity and no cross-reaction (Fig. 1C) . A further test on a HeLa NE prepared in the presence of phosphatase inhibitors showed that anti-TAF9 and anti-TAF9L antibodies recognized protein species migrating around 32 kDa, with a slightly different molecular weight (Fig. 1D) . Moreover, the anti-TAF9L antibody recognized a single band, while the anti-TAF9 antibody recognized two bands (Fig. 1D) . When phosphatase inhibitors were omitted during the NE preparation, the slower-migrating TAF9 band disappeared (data not shown), indicating a possible in vivo phosphorylation of TAF9.
We then verified the presence of TAF9L in highly purified human TFTC and tested whether it is present in TFIID complexes (63) by Western blot analysis using the anti-TAF9L-specific MAb. In good agreement with the MALDI spectrometry data, TAF9L was present in TFTC, and in addition, we demonstrate that it is also present in highly purified TFIID preparations ( Fig. 2A) . Thus, according to the novel TAF nomenclature (57), the TAF9L protein will hereafter be called TAF9b. Interestingly, both TAF9b and TAF9 were detected in either TFIID or TFTC preparations.
To prove unequivocally that TAF9b is a subunit of both TFTC and TFIID, the anti-TAF9b MAb has been used to immunoprecipitate proteins which associate with TAF9b in different multiprotein complexes (Fig. 2B) . The analysis of the proteins which coimmunoprecipitated with TAF9b revealed that TFTC-specific subunits (i.e., GCN5 and TRRAP) and TFIID-specific subunits (TBP and TAF1) as well as common subunits (TAF5, TAF6, TAF9, and TAF10) associate with TAF9b. These results together show that TAF9b is a stable subunit of both TFTC and TFIID. The fact that TAF9b copurifies with TBP in an anti-TBP immunoprecipitation ( Fig. 2A ) and TBP coprecipitates with TAF9b (Fig. 2B) indicates that TAF9b is a bona fide TAF. Furthermore, the immunoprecipitation using an anti-TAF9b antibody also copurified TAF9 (Fig. 2B) , even in the presence of ethidium bromide (data not shown), strongly suggesting that in HeLa cells, there are TAFcontaining complexes (TFIID and/or TFTC) in which TAF9 and TAF9b are simultaneously present.
TAF9 and TAF9b are both coexpressed in multiple cell lines. Next, we investigated whether TAF9 and TAF9b are similarly expressed at either the RNA or protein level in different human cell lines. To determine the relative ratio of TAF9 and TAF9b mRNA, RT-PCRs were carried out by using a common 5Ј and two different specific 3Ј oligonucleotides which amplify either a 550-bp fragment on TAF9b cDNA or a 445-bp band on TAF9 cDNA. RT-PCR analysis revealed that both TAF9b and TAF9 were expressed at the RNA level in the different cell lines tested; however, expression levels and the ratio between the two mRNAs are variable from cell line to cell line (Fig.  3A) . These findings were in good agreement with data from the Symatlas databank concerning TAF9 and TAF9b mRNA expression (http://symatlas.gnf.org/SymAtlas).
We then performed Western blot analysis on whole-cell extracts from certain cell lines tested by RT-PCR (Fig. 3B) . In all of the tested protein extracts, both TAF9b and TAF9 were detected, and their ratio appeared to be relatively constant, with two exceptions. We found that in the two Ewing's sarcoma cell lines (RD-ES and COHIN), TAF9 is expressed at much lower levels than TAF9b (Fig. 3B, lanes 1 and 2) . No clear correlation has been found between mRNA and protein levels detected, indicating that their expression is regulated at multiple steps (Fig. 3A and B) . Surprisingly, the protein expression levels of different TAFs and TBP seem also to be highly variable between the different cell lines tested (Fig. 3B) .
In vitro and in living cells, TAF9b interacts with TAF6 similarly to TAF9. TAF9 has been reported to interact in vitro with TAF6 (23) and TAF5 (54) . To verify whether TAF9b interacts with these and other TAF subunits in a way similar to TAF9, TAF9b was coexpressed with a series of TAFs, including TAF5 and TAF6, in insect Sf9 cells using the baculovirus system (Fig. 4A) . In parallel, TAF9 was also coexpressed with VOL. 25, 2005 TAF9b HAS UNIQUE FUNCTIONS 4641 the same TAFs as a control. Using either TAF9-or TAF9b-specific antibodies to coimmunoprecipitate the interacting proteins, we show that TAF9b interacts with its putative histone fold dimerization partner, TAF6, and with the WD-40 repeat containing TAF5 similarly as TAF9 ( Fig. 4A and B) . Moreover, TFIID subunits which do not interact in vitro with TAF9 do not interact with TAF9b either (Fig. 4C and data not shown). Next, we aimed to verify whether these in vitro TAF9b/ TAF6 and TAF9/TAF6 interactions also exist in living cells. To this end, we used FRET and the acceptor photobleaching method. HeLa cells were transfected with constructs expressing the YFP-TAF6/CFP-TAF9, CFP-TAF6/YFP-TAF9, YFP-TAF6/CFP-TAF9b, and CFP-TAF6/YFP-TAF9b pairs, and mean FRET efficiencies were measured in 60 cells from three different experiments for each combination. Both the TAF6/ TAF9 and TAF6/TAF9b interactions resulted in similar FRET efficiencies, at around 11% (Fig. 5B) . These FRET efficiencies were the same when the two fluorophores were exchanged on the different pairs (Fig. 5B , compare C6 plus Y9b to C9b plus Y6 and C6 plus Y9 to C9 plusY6), indicating that the nature of the fluorescent protein tags did not influence the interactions. When measuring FRET with the control CFP/YFP pair, where the two fluorescent proteins are not supposed to interact, we obtained only 0.4% efficiency (Fig. 5B) . In a further control experiment, when cells were transfected with the CFP-TAF6 construct alone, we obtained negative numbers that are the effect of photobleaching of the CFP fluorescence due to imaging (C6 in Fig. 5 ), pointing to the fact that the FRET efficiencies of the TAF6-TAF9 and TAF6-TAF9b pairs may have been underestimated. In contrast to the TAF6-TAF9 and TAF6-TAF9b pairs, the combinations among YFP-TAF6/CFP-TAF6, YFP-TAF6/CFP-TAF6/TAF9/TAF9b, CFP-TAF9b/YFPTAF9b, CFP-TAF9/YFP-TAF9, and CFP-TAF9/YFP-TAF9b did not result in significant FRET efficiency (around 1 to 2%), suggesting that, at least with this method, no (TAF6-TAF9) 2 , (TAF6-TAF9b) 2 , or TAF6 2 -TAF9-TAF9b heterotetramer structures similar to that of histones H3-H4 can be observed. Note, however, that the absence of a FRET signal between two proteins does not necessarily mean that the proteins do not interact, because the orientation of the CFP or YFP tags on the TAFs may not be optimal for FRET detection in the case of the heterotetramer. In the latter experiments, when more FIG. 3 . Both TAF9 and TAF9b are expressed at the mRNA and protein levels in several human cell lines. (A) RNA was prepared from the indicated human cell lines, and RT-PCR analysis was carried out with common 5Ј primers specific to TAF9 and TAF9b mRNA and with different 3Ј primers specific for each transcript. In addition, primers amplifying the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) transcript were used to normalize the amount of RNA used. Tib60 is a mouse cell line and thus should be considered a negative specificity control in this experiment. PCR products were analyzed on a 1.5% agarose gel. (B) Whole-cell extracts were prepared from the indicated cell lines, and then protein samples were analyzed by Western blot with the indicated antibodies. Protein levels were normalized using an anti-␤-actin monoclonal antibody.
FIG. 4. TAF9b interacts with the same partners, as does TAF9, in vitro. (A) TAF9 or (B)
TAF9b was coexpressed with the indicated TAFs (TAF5 and TAF6) in Sf9 cells using the baculovirus expression system. From these cells, protein extracts were prepared, and either TAF9 (A) or TAF9b (B) was immunoprecipitated (IP) with the corresponding antibodies. From the same extracts, a control IP was performed with an unrelated antibody. Resin-bound proteins were then washed, boiled, separated by SDS-PAGE, and analyzed by Western blot using the indicated antibodies. (C) Summary of the interaction study carried out using the baculovirus expression system between either TAF9 or TAF9b and the indicated TFIID subunits.
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than two proteins have been overexpressed, the third and fourth partners were expressed as nonfluorescent proteins (Fig. 5) . These data together indicate that TAF6-TAF9 and TAF6-TAF9b pairs form in vivo.
TAF9 and TAF9b are differentially regulated during apoptosis induction. Since elevated levels of TAF9b RNA have been measured in apoptotic PC12 rat cells (2), we tested whether TAF9 or TAF9b protein levels are also induced by apoptotic (Fig. 6A) . In parallel, we have monitored whether we can detect an increase in TAF9 or TAF9b protein levels in these apoptotic cells (Fig. 6A) . After both apoptotic stimuli, TAF9 protein expression levels increased about 6-to 8-fold, while TAF9b levels increased only about 1.5-fold ( Fig. 6A and B) , suggesting that their function is differentially required during apoptosis. TAF9b overexpression has a weaker effect on p53 stabilization than TAF9. To further investigate functional differences between TAF9 and TAF9b, we used a previously described assay system where it was shown that overexpressed TAF9 is able to protect p53 from degradation due to the fact that it competes with MDM2 for p53 binding (9, 24) . As shown in Fig.  6C , TAF9b overexpression has a weaker effect on p53 stabilization than TAF9 in MCF7 and HeLa cells (data not shown). These results further suggest that despite the 82% identity between these two proteins, they have different functions.
TAF9 and TAF9b are essential for cell viability. Previously, it was shown that TAF9b (formerly TAF9L) is essential for cell growth in human cells (11) and that TAF9 depletion leads to apoptotic cell death in chicken cells (12) . To further characterize the functional differences between human TAF9 and TAF9b during normal cell growth and in the same system, we specifically knocked down either TAF9 or TAF9b expression by using siRNAs. When TAF9 or TAF9b siRNAs were transfected in HeLa cells, we obtained a specific reduction of the targeted mRNAs and the consequent protein levels without affecting the expression of the other homologue ( Fig. 7A and  B) . Moreover, the almost complete elimination of one or the other factor resulted in a significant induction (about threefold) of apoptosis over control siRNA transfection (Fig. 7B) . When the number of cells was scored in samples which had been treated with either control, TAF9, TAF9b, or TAF9 plus TAF9b siRNAs, we observed that 24 h after transfection, the TAF9b siRNA reduced the growing cell population by 54% (Fig. 7C) . This reduction was almost as efficient as the TAF9 and TAF9b siRNAs together (60%), while the TAF9 siRNA had only a mild effect (25%) on cell survival (Fig. 7C) . However, at the 72-h time point, both TAF9 and TAF9b siRNAs induced apoptosis in a similar way compared to the control (58%). Interestingly, at this time point, the TAF9 and TAF9b siRNAs together had a stronger effect (70%) on cell death than the individual siRNAs alone (Fig. 7C) . These results suggest that both genes are essential for cell viability, and the results obtained with the double TAF9 and TAF9b siRNA treatment suggest that their roles are only partially redundant. Total cell extracts were prepared after 48 h and analyzed by SDS-PAGE followed by immunoblotting for the presence of p53 and YFP. TAF9 and TAF9b were detected with a polyclonal antibody that recognizes both proteins.
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carried out for 30 h to be able to analyze the expression of genes, which are primarily affected by the knockdowns, and to obtain good quality RNA that is not affected by the induced cell death (Fig. 7) . Total RNA was extracted, retrotranscribed, labeled, and used to probe an oligonucleotide-based microarray representing 25,000 genes (see Materials and Methods). In order to reduce false positives due to oscillations of weak signals, we qualified only those genes whose average signal intensities of Cy3 and Cy5 as log 2 were over 10 in the luciferase samples as "present." After this passage, we were able to qualify 5,974 genes as "present." We then compared TAF9 siRNAand TAF9b siRNA-treated samples to Luc siRNA-treated samples in order to obtain up-and down-regulated genes and to eliminate genes that were not specifically affected by the siRNA treatment. Out of 5,974 "present" genes, a total of 1,081 were affected (18%). Out of this total, 222 genes (3.7%) were affected by the TAF9 knockdown; 689 genes (11.6%) were affected by the TAF9b knockdown, and 160 genes (2.7%) were common between the TAF9 and TAF9b knockdowns. Out of all 387 TAF9 knockdown-affected genes, 177 (2.9%) were up-regulated and 210 (3.6%) were down-regulated; out of the 854 TAF9b knockdown-affected genes, 150 (2.5%) were FIG. 7 . Specific down-regulation of TAF9 and TAF9b mRNAs by siRNA indicates that both factors are necessary for cell survival. (A) HeLa cells were transfected with control siRNA (Luc-siRNA; lanes 1, 3, 5, and 7) and siRNA specific for either TAF9 (TAF9-siRNA; lane 2 and 6) or TAF9b (TAF9b-siRNA; lanes 4 and 8). Forty-eight hours after transfection, cells were harvested, and either RNA or protein extracts were prepared. The RT-PCRs were carried out and analyzed as described in the legend of Fig. 3A . Primers amplifying the GAPDH transcript were used to normalize the amount of RNA used. Twenty micrograms of total protein extracts from each sample was analyzed by Western blots with the indicated antibodies. up-regulated, whereas 704 (11.8%) were down-regulated. Affected genes do not fall into any specific category or pathway, suggesting that TAF9 and TAF9b are not restricted to any specific gene expression program and that they rather function in a more general manner. The two most interesting groups of the genes are those whose expression is only either TAF9 or TAF9b dependent. We chose some of these genes to perform quantitative RT-PCR (qRT-PCR) (Fig. 8B ) to validate the microarray results. The qRT-PCR data confirmed the microarray data (Fig. 8B) , further suggesting that only TAF9-or TAF9b-regulated genes exist and that the two proteins regulate only partially overlapping transcription programs. In agreement with several previous studies (11, 20, 27, 28, 32, 53) , our results also demonstrate that TAF depletion (either TAF9 or TAF9b) causes both up-and down-regulation of gene expression.
DISCUSSION
TAFs have been identified in biochemically stable complexes with TBP, whereas TAF-like (TAFL) proteins are those which are present in multiprotein complexes without TBP or which were not yet shown to be associated in stable complexes with TBP (57) . In our study, we demonstrate that the previously described TAF9L factor (11) is a bona fide member of the TAF family since it is associates with TBP in TFIID complexes. Thus, according to the existing nomenclature, it is called TAF9b. In contrast to most of the other known TAF homologues, which usually replace their counterparts during defined spatiotemporal developmental events (14, 21, 48, 60) , TAF9b is ubiquitously expressed, together with TAF9, in all cell types tested. We show here that in the same cell type, TAF-containing complexes in which TAF9 and TAF9b are simultaneously present exist. In the light of this finding and despite the high degree of identity between the two proteins, it is surprising that their functions are only partially overlapping (see below).
How are TAF9 and TAF9b positioned in the TFIID/TFTC structure? Immunoprecipitations using anti-TAF9b antibodies demonstrated that at least some of the TAF9b-containing complexes also contain TAF9. These data suggest that in certain TAF-containing complexes, both proteins can be present and that their presence is not mutually exclusive in TFIID and TFTC complexes. We have shown previously that in Saccharomyces cerevisiae TFIID, of which the genome contains only one TAF9 gene, TAF9 can be present in two copies, one in lobe A and one in lobe B (34) . Moreover, in the SAGA complex, which is the yeast counterpart of the human TFTC-type complexes, TAF9 seems to be present in two copies as well, one in domain II and another one in domain IV (56, 64) . These findings open the interesting possibility that in mammals, where two TAF9 paralogue genes exist in the different genomes, TAF9 would be present in lobe A (or domain II) and TAF9b would be present in lobe B (or domain IV) of TFIID (of TFTC), or vice versa. However, it is also conceivable that in mammalian cells, different TFIID and TFTC complexes may exist that contain (i) only TAF9, (ii) only TAF9b, (iii) TAF9 in lobe A (or domain II) and TAF9b in lobe B (or domain IV in TFTC), and (iv) TAF9b in lobe A (or domain II) and TAF9 in lobe B (domain IV in TFTC). Despite our efforts to identify the precise location of TAF9 and TAF9b in human TFIID using electron microscopy, we could not distinguish among the above-mentioned four possibilities. Concerning the overall structure of the different TAF-containing complexes, our FRET experiments seem to exclude the formation of a heterotetramer between TAF6-TAF9 and/or TAF6-TAF9b in living cells, suggesting that in TFIID and TFTC complexes, TAF6-TAF9 and TAF6-TAF9b exist as heterodimers in the distinct lobes. Nevertheless, in the future, it will be important to understand how the incorporation of the TAF9/TAF6 and TAF9b/TAF6 heterodimers in the different domains of the distinct TAF complexes is regulated in spite of the high degree of identity between TAF9 and TAF9b (82%). As TAF9 was found to be phosphorylated (reference 37 and this study), it is possible that the incorporation of TAF9 (and TAF9b) in the different domains of the complexes is regulated by distinct posttranslational modifications. If TAF9 and TAF9b are present in different complexes or domains of the same complex, the above-described functional differences between TAF9 and TAF9b suggest that the complexes or domains containing one or the other protein will have distinct functions.
As in the in vitro and in vivo interaction tests, where TAF9 and TAF9b interacted with their partners (TAF6 and TAF5) in a comparable way, it is conceivable that TAF9/TAF6 and TAF9b/TAF6 heterodimers will have very similar interactions within the different lobes or domains of the TAF-containing complexes. However, they may have differential interactions outside of the respective complexes with general transcription factors, transcription activators, and/or promoter sequences. The Drosophila HF pair TAF9/TAF6 has been shown to bind to downstream promoter elements (8) . More recently, the DNA-binding domain of human TAF9 has been assigned to an evolutionarily conserved region (between amino acids 70 and 147 of TAF9), and it was shown that the HF domain-mediated interaction between TAF9 and TAF6 enhanced the DNA binding activity of this heterodimer (52) . Thus, in the future, it will be important to test whether TAF9b-containing complexes would have a different DNA binding specificity than that of TAF9-containing complexes.
TAF-containing complexes with only TAF9 or only TAF9b. The fact that the ratio between endogenous TAF9 and TAF9b is far from being 1:1 in Ewing's sarcoma cell lines suggests that at least in these cells, different TAF-containing complexes exist, and those which contain both TAF9 and TAF9b are less abundant than those which contain only TAF9b. In addition, TAFs and TBP do not show a uniform expression pattern in different cells but are expressed at very different levels in distinct cell types or tissues (references 40 and 47 and this study). Thus, our results are in good agreement with recent data suggesting that TFIID and TFTC are not unique complexes but rather a family of complexes that can be modulated depending the transcriptional requirements of the different cell types that compose an organism (5, 6, 43) .
Eighty-two percent identical TAF homologues with only partially overlapping functions. Interestingly, two TAF9 paralogue genes were found only in mammalian genomes and not in fully sequenced invertebrate or other vertebrate genomes, i.e., Drosophila, zebra fish, Xenopus laevis, and chicken (our unpublished observations). At present, however, it is difficult to determine when the TAF9 gene duplication occurred and whether it is a mammal-specific event or it appeared at an earlier vertebrate evolutionary stage. The general rule for the retention of a duplicated gene copy is either divergence in expression pattern and/or differences in functions. As TAF9 and TAF9b are coexpressed in the different cell lines tested, it would rather suggest that the duplication of the TAF9 gene in mammals served a new function. TAF9 and TAF9b have been the subject of different evolutionary pressures, and this led to a series of mutations in TAF9b which resulted in partially novel functions. While the TAF9 functions seem to be conserved from yeast to humans, TAF9b might have evolved to VOL. 25, 2005 TAF9b HAS UNIQUE FUNCTIONS 4647
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ serve functions that may tolerate more diversity, suggesting that TAF9b is not necessarily involved in exactly the same regulatory pathways as TAF9. Nevertheless, the relatively high similarity between human TAF9 and TAF9b would suggest rather redundant functions. However, when the different results obtained with these two proteins are compared, and in agreement with a new function that was retained following gene duplication in mammals, the following important functional differences were found: (i) distinct apoptotic stimuli do not induce the expression of the two proteins to the same levels, although they induce similar levels of apoptosis, suggesting that they are differentially required during induction of apoptotic pathways (Fig. 6A); (ii) exogenous expression of the two proteins does not protect p53 in the same way from Mdm2-mediated degradation (Fig. 6B) ; (iii) knocking down either TAF9 or TAF9b led to cell death, but the double knockdown has a stronger effect than the individual knockdowns alone (Fig. 7) ; and (iv) the analysis of genes affected by the two different knockdowns revealed that only a rather limited subset of genes is regulated by both TAF9 and TAF9b (Fig. 8 ). All these differences together indicate that the two proteins do not fulfill identical roles in the cell but also serve different functions.
Knockdown of TAF9 and TAF9b revealed that they are both indispensable for human HeLa cell survival and that each plays an essential role (Fig. 7) . Gene expression profiling revealed that the two proteins control the expression of different sets of genes and that, surprisingly, there is only a small subset of genes which are regulated by both TAF9 and TAF9b. Whether the different functions of TAF9 and TAF9b reflect their distinct (i) structural interactions within TFIID and/or TFTC complexes, (ii) interactions with transcription factors outside of the complexes, and/or (iii) DNA binding properties has to be further investigated. Unfortunately, our antibodies against TAF9 and TAF9b do not work in chromatin IP and thus do not allow us to verify whether the identified TAF9-or TAF9b-dependent genes are indeed bound by only one or both factors. The finding that there are genes regulated only by TAF9 or TAF9b suggests that in HeLa cells, TAF9 cannot structurally and/or functionally replace TAF9b and vice versa. Surprisingly, human TAF9b (formerly hTAF9L) could restore the viability of the chicken DT40 TAF9 Ϫ/Ϫ cells (11) , suggesting that in chicken cells, only one TAF9 gene exists and that at this stage of evolution, TAF9 and TAF9b functions were not yet separated. Our results also demonstrate that TAF depletion (either TAF9 or TAF9b) causes both up-and down-regulation of gene expression, further suggesting that TAFs can act as both positive and negative regulatory factors. This finding together with other TAF knockdown studies carried out mainly in yeast (11, 20, 27, 28, 32, 53) raise an interesting hypothesis that TAFs, when binding to promoters in the different TAF-containing complexes (TFIID and TFTC type), would be involved at certain promoters as repressors and at others as positive cofactors of transcription.
